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ABSTRACT 


i 

High  T-mpersture  Mechanical  Testing 
of  a  Cylindrical  WeaMe  Carbon-Carbon  Composite 


The  purpose  is  to  help  decide  whether  the  radial 
fibers  in  a  cylindrical  weave  carbon-carbon  composite  can 
relieve  the  circumferential  stress  prevalent  during  the 
high  temperature  processing  of  composi te  billets. 

Included  in  this  report  are  data  from  high  temperature 
mechanical  testing  in  temperatures  in  excess  of  1800  C. 


This  testing  includes  pull-out  experiments  of  coupons 
taken  directly  from  a  Navy  billet  given  to  us  some  time 
ago,  specifically  pulling  both  the  axial  and  radial  fiber- 
bundles  from  the  composite  matrix  at  temperatures  of  room 
lOOO  C  and  1500  C.  Also  included  are  tests  on  axial 
rupture,  and  creep  of  in-house  processed,  impregnated,  ani 
graphitized  fiber  bundles.  The  data  taken  for  the  creep 


specimens  showed  no  elongation  at  a  temperature  of  1800  C 
with  a  stress  of  ap  r  ox  i  rrta  te  1  y  11  ksi  for  period  of  20  min 


The  axial  rupture  specimens  were  processed  to  di-f-ferent 
degrees  then  tested  at  ambient.  All  these  specimens 
■failed  at  stresses  beti/ieen  190  ksi  and  260  ksi.  The 
pull-out  specimens  showed  a  curve  o-f  increasing  shear 
strength  with  temperature  but  more  important,  the  data 
taken  show  a  decrease  in  the  coe-f -f  i  c  i  en  t  of  variation  of 
the  data  with  temperature.  The  average  maximum  peak  shear- 
strength  was  recorded  at  1500  C  and  had  a  value  of  1940 
ksi  with  a  coefficient  of  variation  of  only  4.97..  The 
data  for  the  temperatures  of  1000  C  and  room  temperature 
showed  a  considerable  scatter  with  room  temperature  having 
a  coefficient  of  variation  of  19.2X  and  a  coefficient  of 
variation  of  7.97  for  the  specimens  tested  at  1000  C. 


1)  INTRODUCTION; 


During  the  -f  *br  i  cat  i  on  of  cyl  i  ndr  i  call  y  woven 
carbon-carbon  composites,  large  scale  fractures  and/or 
gross  wav i ness  sometimes  occur  in  the  circumferential 
fiber  bundles.  Since  anomalies  such  as  these  have  the 
effect  of  reducing  the  strength  and  structural  integrity 
of  the  billet,  the  understanding  of  the  origin  of  these 
anomalies  as  well  as  developing  measures  to  prevent  thetri 
during  fabrication  is  essential. 

These  anomalies  are  usually  caused  by  thermal  stresses 
arising  from  the  repeated  heating  to,  and  cool ing  from, 
the  graph i t i zat i on  temperature.  These  stresses  occur 
because  of  the  anisotropy  of  both  the  thermal  coefficient 
of  expansion  and  the  elastic  moduli.  One  of  the  generally 
accepted  functions  of  the  radial  fiber  bundles  is  to 
reduce  the  stress  in  the  circumferential  direction  by 
restricting  the  thermally  induced  radial  expansion  during 
heat-up,  thereby  reducing  the  probability  of 
c  i  r  c  urrif  e  r  e  n  t  i  a  1  failure  during  fabrication.  This 
reasoning  has  its  merits;  however,  a  simple  analysis  by 
Quan  and  Sines,  (ref  2> ,  in  appendix  A,  shows  that  the 
stress  in  the  radial  direction  is  always  greater  than  that 
in  the  c  i  r  cumif  er  en  t  i  al  direction.  This,  combined  with  the 
usual  1>'  lower  radial  fiber  vol  urrie  fraction  dictates  that 


the  radial  -fibers  should  rupture  or  become  debonded  long 
be -fore  the  c  i  r  cum-teren  t  i  al  -fibers  -fracture. 

Since  the  radial  -fibers  terminate  where  the  two  ends 
of  the  bundles  intersect  the  free  surfaces  of  the  billet, 
a  zone  of  high  shear  between  the  bundle  and  matrix  must 
exist  at  the-se  terminations.  If  these  shear  stresses  are 
greater  than  the  bundle-matrix  interfacial  shear  strength, 
the  bundle  will  break  free  from  the  surrounding  matrix  so 
that  the  onl-x  tensile  stress  in  the  bundle  is  that 
resulting  from  loads  transferred  by  friction  and  by  the 
interlocking  of  disparities  between  the  bundle  and  matrix. 
A  room  temperature  photomicrograph  of  a  Q-Z  plane  in  a 
billet  coupon,  figure  1,  shows  cracking  in  the 
bundle-matrix  interface  of  the  radial  bundle.  Th i s 
supports  the  belief  that  the  radial  fibers  may  do  very 
little  to  reduce  the  circumferential  stresses  in  the 
billets  made  by  the  current  processing  techniques.  In 
order  to  fully  understand  the  effectiveness  of  the  radial 
bundles,  high  temperature  mechanical  testing  is  to  be 
performed  in  order  to  answer  the  following  questions: 

1)  At  elevated  temperatures  approaching  that  for 
gr aph i t i za t i on  ,  does  a  bond  still  exist  between  the  radial 
bundles  and  the  rest  of  the  composite?  if  so,  what  is  its 
strength? 

2>  At  ele"ated  temperatures  approaching  that  for 


gr  aph  i  t  i  z  at  i  on  ,  can  stress  be  transmitted  to  the  radial 
bundle  by  friction  and  the  interlocking  of  disparities, 
even  if  it  is  completely  debonded?  There  may  be  friction 
because  of  the  high  diametral  expansion  of  the  bundles 
caused  by  the  high  coefficient  of  thermal  expansion  in 
that  direction  which  could  create  a  large  normal  force  on 
the  m  a  t  r i x  interface. 

3>  If  the  radial  stress  is  completely  transmitted  to 
the  fibers,  i.e.  perfect  bonding,  can  the  bundle  survive 
w  i  t  h  ou  t  fracture  ? 

4)  Is  it  possible  that  creep  of  the  radial  bundle 
can  prevent  both  its  failure,  as  well  as  the  failure  of 
the  bundl e-matr i X  interface  bond? 

It  may  be  possible,  if  these  questions  are  answered, 
that  certain  fabrication  parameters  such  ass  temperature, 
pressure,  heating  rate,  cooling  rate,  and  holding 
temperature,  can  be  selected  to  maximize  the  effect  of  the 
radial  bundles  in  reducing  the  circumferential  stresses. 


2  CARBON-CARBON  COMPOSITE  PROCESSING 


2.1  MATRIX 

The  matrix  material  used  in  the  manu-facture  o-f 
carbon-carbon  composite  billets  is  either  a  petroleum  or 
coal  tar  based  pitch.  When  heated,  portions  o-f  the  pitch 
are  volatilised  and  condensed  aromatic  rings  are  -free  to 
■form.  At  a  temperature  o-f  approximately  350  C,  the  pitch 
enters  a  transition  stage  called  mesophase.  Mesophase 
pitch  is  a  two  phase  s>  stemi  o-f  ordered  and  disordered 
pitch.  The  anisotropic  planar  crystals  o-f  pitch,  which 
are  hexagonal  arrays  o-f  covalently  bonded  carbon  atoms, 
are  called  basal  planes.  At  an  early  stage  o-f  growth  the 
basal  planes  are  randorrily  oriented  throughout  the  matrix 
pitch.  As  the  tefTiperature  and  the  molecular  size 
increases,  these  localized  regions  of  anisotropic  material 
tend  to  coalesce  and  stack:  on  top  of  each  other.  Bonded 
together  only  by  Wan  der  Waals  forces,  these  planes  form 
large  regions  of  anisotropy  within  the  pitch.  Application 
of  pressure  and  the  flow  of  the  mesophase  pitch  causes 
a  I  I gnmen t  of  these  anisotropic  regions,  thus  matrix 
orientation  can  be  generated  and  varied  as  a  function  of 
p  r  oc  e  s  s  I  n  g  par  artie  t  e  r  s  . 


2.2  GRAPHITE  FIBERS 


High  strength-high  modulus  graphite  -fibers  are 
delivered  in  tows  or  yarns  o-f  multiple  -filaments.  Each 
filament  is  approximately  ^m  and  has  a  microstructure  of 
"Turbostatic"  graphite,  one  of  the  allotropic  forms  of 
carbon.  r3>  The  atoms  in  a  single  crystal  of  graphite  are 
arranged  in  hexagonal  arrays  called  basal  planes,  which 
are  stacked  in  layers.  The  carbon  atoms  within  the  basal 
planes  are  held  together  by  very  strong  covalent  bonds 
while  much  weaker  Man  der  Uaals  forces  hold  the  stacking 
layers  together.  Unlike  the  matri'x  material,  the  basal 
planes  are  highly  oriented  along  the  axis  with  the  c-axis 
perpendicular  to  the  axis  of  the  fiber,  thus  resulting  in 
the  high  anisotropy  of  carbon  fibers.  The  higher-  strength 
and  stiffness  of  carbon  fibers  is  directly  related  to  the 
perfection  in  alignment.  The  degree  of  perfection  in 
alignment  varies  considerably  with  processing. 
Imperfections  in  a1  ignmient,  as  shown  schematically  in 
figure  2,  result  in  complex  shaped  voids  which  are  stress 
concentrators  and  points  of  weakness  leading  to  a 
reduction  of  strength  and  elastic  modulus. 

The  graphite  fiber  used  in  the  navy  billet  and  the 
in-house  processed  test  specimens  are  made  by  Hercules 
Incorporated  using  the  PAN  process.  This  process  uses 


stretching  o-f  a  polymer  precursor  -for  the  al  ignment  o-f 
carbon  atoms.  PAN,  or  " Pol yacry 1  on i tr i 1 e "  is  an  acrylic 
copolymer  precursor  with  a  molecular  con-figuration  similar 
to  that  of  polyethelene  except  that  euery  alternate 
hydrogen  side  group  is  replaced  by  a  nitrile  (-C£N)  group, 
figure  3.  A  concentrated  solution  of  molten  PAN  is  spun 
into  filaments  then  stretched  to  produce  alignment  of  the 
molecular  chains  along  the  filament  axis.  The  stretched 
filament  is  then  heated  and  the  "actiue"  nitrile  groups 
interact  to  produce  a  ladder  polymer,  figure  4.  The 
strength  and  elastic  moduli  are  highly  dependent  upon 
final  processing  temperature  as  shown  in  a  characteristic 
plot,  figure  5  (ref  3> .  The  PAN  fibers  are  classified  as 
two  types:  Type  I,  processed  for  maximum  elastic  modulus, 
and  Type  II,  processed  for  maximum  strength. 


3.  THE  BILLET  AND  ITS  FABRICATION 


The  billet  used  in  this  study  is  designated  as 
NaMy-C4Xl ,  three-dimensional,  cy 1  i ndr i cal  1 y  woven, 
carbon-carbon  composite.  Fabrication  o-f  this  billet  was 
done  by  General  Electric,  using  a  multiple  high- 
temperature  ,  h  i  gt^-  pressure  ,  imp  re  gnat  i  on -graph  i  t  i  zat  i  on 
process.  Details  o-f  this  processing  and  the  materials 
used  -for  this  billet  are  described  as  -follows.  The 
graphite  -fibers  used  in  the  billet  pre-form  were  PAN  -fibers 
-fabricated  by  Hercules  Incorporated,  Magnamite  Graphite 
Fibers  Division.  The  matrix  material  is  designated  as 
CP277-15U,  coal  tar  pitch  processed  by  Allied  Chemical 
Corpors.t  i  on  .  The  billet  pre-form  is  woven  using  high 
modulus  HM-3000  yarn  in  the  radial  direction  and  HM-lOOOd 
in  both  the  axial  and  c  i  rcum-f  eren  t  i  al  directions.  The 
10000  and  3000  designate  the  numiber  o-f  -filaments  in  each 
yarn.  The  variable  fiber  volume  fractions  are  shown  in 
figure  6,  and  the  or  op er ties  of  the  fiber  and  pitch 
m  a  t  e  r  I  a  1  s  ar  e  presented  in  table  s  <  1  ■'  an  d  (  2 ) 
r esp  e c  t i " e 1 y . 

Automatic  wea"ing  of  this  three-d i mens i oral  1 y 
reinforced  conriposite  billet  preform,  consists  of 
fabrication  and  asserriblv  of  yarn  bundles  in  the  three 
or- 1  h  OQon  a  1  directions,  <  r  ad  i  a  1  ,  ax  i  a  1  ,  an d  circumferential). 


the  c  i  rcum-f  eren  t  i  al  bundles  are  continuous,  while  the 
length  o-f  the  axial  and  radial  bundles  match  the  billet 
dimensions.  The  pre-form  is  heated  to  a  minimum 
temperature  o-f  350  C  be -tore  the  impregnation  and 
densi -f  i  cat  i  on  cycle  in  order  to  clean  the  -fibers  o-f  any 
sizing  used  to  protect  the  -fibers  during  handling.  During 
the  initial  impregnation,  molten  coal  tar  pitch  -flows  into 
the  mold  containing  the  billet  pre-form  impregnating  the 
-fibers,  as  well  as  -filling  the  matrix  pockets.  The  mold 
is  then  heated  through  the  mesophase  transition 
temiperatur  e  very  slowly,  to  avoid  percolation,  and  a 
pressure  o-f  15  ksi  is  applied  -for  dens  i -f  i  cat  i  on  .  The  last 
step  in  the  initial  process  is  graph i t i zat i on .  The  billet 
is  subjected  to  a  uni-forrri  increase  in  temperature  up  to 
2750  C  <5000  F  .  At  this  temperature,  the  basal  planes  in 
the  matrix  material  try  to  align  therriselues  along  the  axis 
of  the  -fibers.  This  reduction  o-f  interatomic  spacing 
along  with  the  therrrial  contraction  o-f  the  matrix,  which  is 
being  inhibited  by  the  high  elastic  modulus  and  low 
coe -f -f  i  c  i  en  t  o-f  thermal  expansion  o-f  the  bundles  in  their 
axial  direction  during  cooling,  causes  cracking  of  the 
matrix.  These  cracks  are  then  filled  during  subse-quent 
dens i f i ca  t i on  eye  1 e  s ,  The  dens i f i ea  t i on  pr  oee  ss  i nuol ues : 
'■•acuum  i  iTip  r  egn  a  t  i  on  ,  (the  ’^gree  of  which  is  dependent  on 
P  or  e  size  .  p  C'T  e  size  i  s  t  r  i  bu  t  i  on  ,  an  d  ga  s  p  e  r  rtie  ab  i  1  i  t  y  >  , 


TEST  SPECIMENS 


4  . 


We  used  two  main  types  ot  test  specimens.  The  -first 
specimen  is  u-sed  in  uniaxial  loading  -for  both  tensile 
rupture  and  creep  tests.  The  -finished  specimen  is  shown 
schematically  in  -figure  7.  The  second  specimen  is  a  plug 
cut  directly  -from  the  na.My  billet,  and  is  used  -for  the 
pull-out  experiments.  nn  excised  radial  plug  is  shown 
schematically  in  figure  8. 

4.1  PROCESSING  OF  A  lAL  TEST  SPECIMENS 

Dry  fiber  bundles  designated  as  HM-SOOO,  were 
received  from  Hercules  Incorporated.  These  fibers  are 
then  tied  as  shown  in  figure  7,  using  cotton  string. 
Cotton  i -s  used  because,  as  an  organic  rriaterial  ,  it  will 
keep  its  strength  at  eleuated  terriper  atur  es  euen  when  it 
turns  into  carbon.  The  fibers  are  then  washed  in  methyl 
e  t  h  >  1  k  e  t  o  ri  e  t  o  d  i  s  s  o  1  u  m  s  n  v  p  r  o  t  e  c  t  i  y  e  sizing. 

The  coal  tar  pitcti,  designated  as  CP277-15'v'  is 
produced  by  Allied  Chemical  Corporation.  The  pitch  is 
preheated  to  a  rtiaxirrium  temperature  of  350  C  in  an  inert 
atmosphere  of  nitrogen  and  held  for  two  hours  at  that 
temper  atur  e  in  order  to  '-’ol  i  tal  ize  as  rrianv  of  the  non 
Dol  -n-ierizable  species  a;  possible  i-nithout  changing  the 


microstructure  o-f  the  pitch.  The  cooled  pitch  is  then 
■finely  ground  -for  later  use  in  the  impregnation  stage. 

Impregnation  o-f  the  axial  specimens  takes  place  in  an 
inert  atmosphere  at  a  temperature  o-f  250  C.  The  tied 
■fiber  bundles  are  submerged  stress--free  in  a  bath  o-f 
molten  pitch  where  -full  wetting  o-f  the  -fibers  by  the  pitch 
occurs.  Since  oxidation  o-f  the  graphite  -fibers  inhibits 
complete  wetting,  nitrogen  is  used  as  the  atmosphere.  As 
the  -fiber  is  pulled  -from  the  pitch  bath,  it  is  lightly 
stretched  to  extrude  the  excess  pitch  -from  between  the 
■f  i  1  arrien  t  s  .  It  has  been  -found  that  pockets  o-f  pitch 
between  the  -filaments  can  cause  stress  concentrations  that 
can  lead  to  premature  failure  when  the  fully  processed 
specimens  are  loaded. 

The  calcination  process  is  the  longest  of  all  the 
specimen  preparation  procedures.  During  this  stage,  the 
impregnated  fiber  bundle  is  loaded  into  a  furnace  capable 
of  attaining  a  temperature  of  1000  C.  The  calcination 
fixture  and  furnace  is  shown  schematically  in  figures  9, 
and  10.  The  specimen  has  a  small  axial  load  on  it  in 
order  to  keep  the  specirrien  straight  and  to  extrude  any 
excess  pitch  out  of  the  bundle.  The  specimen  is  heated 
frorri  room  temperature  to  300  C  at  a  rate  of  100  C  per 
hour.  At  300  C,  the  heating  rate  is  reduced  to  15  C  per 
hour  unti 1  a  maximum  temperature  of  between  vOO  C  and  1000 
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C  is  reached.  The  extremely  slow  heating  rate  through  the 
me  sop base  transition  and  crystallization  temperature  is 
needed  because  o-f  percolation  caused  by  reaction  products 
which  eventually  volatilize  and  try  to  make  their  way  to 
the  sur-face  o-f  the  mesophase  pitch.  This  percolation,  i -f 
allowed  to  occur  causes  an  extremely  porous  matrix.  This 
stage  is  the  critical  one  where  -flaws  may  develop  in  the 
matrix  or  -f  i  ber-ma.tr  i  x  in  ter -face,  which  inhibit  the  full 
alignment  of  the  matrix  basal  planes  with  the  fiber  axis. 
The  temperature,  heating,  and  cooling  rates  are 
automatically  controlled  by  a  Honywe 1 1 -Brown  Electronix 
temperature  controller.  The  controller,  furnace,  etc.  are 
shown  in  figure  11. 

Gr aph i t i zat i on  of  the  fiber  bundle  is  done  in  an 
Astra  high  temperature  furnace  using  argon  as  the  inert 
atmosphere.  The  furnace  is  fully  described  in  a 
subsequent  section.  The  fibers  are  hung  vertically  with  a 
smal  1  axial  load  to  prevent  war-page.  The  temperature  is 
increased  from  room  temperature  to  a  maximum  temperature 
of  1300  C  where  it  is  held  while  the  basal  planes  in  the 
matrix  align  themselves  axially  with  the  fibers. 

Once  gr  aqh  i  t  i  zat  i  on  is  corriplete,  the  specimens  are 
read'  for  either  the  tensile  rupture  tests,  or  creep 
test  I  n  Q  . 


4.2 


PREPARATION  OF  PULL-OUT  SPECIMENS 


I 

i 

These  specimens  are  cut  directly  -from  the  Nauy  billet 
and  are  shown  schematically  in  t i gure  12.  Specimens 
using  both  the  radial  -fibers  and  axial  fibers  are  machined 
with  pull-out  lengths  between  0.25in.  and  0 . 50 i n .  These 
gage  lengths  are  used  to  find  the  shear  stress  necessary 
for  both  the  initial  break-free  of  the  fibers  as  well  as 
the  friction  stress  needed  to  pull  the  fiber  out  of  the 


bl ock  . 


5. 


HIGH  TEMPERATURE  MECHANICAL  TESTING 


5.1  HIGH  TEMPERATURE  FURNACE 

The  -furnace  used  -for  all  the  mechanical  testing  as 
well  as  the  gr  aph  i  t  i  z  *  t  t  on  o-f  the  axial  test  specimens  is 
an  ASTRA  model  lOOOT,  water-cooled,  graphite-resistance 
furnace,  capable  of  a  maximum  teinper ature  of  2760  C  (5000 
F),  in  an  inert  atmosphere  at  a  rrcaximum  pressure  of  20 
psig.  Automatic  temperature  control  is  provided  by  the 
use  of  a  silicon  controlled  rectifier  <SCR),  combined  with 
either  a  Boron-Graphite  thermocouple,  (BGT),  for 
temperatures  below  200  0  C)  or-  a  radiation  pyrometer,  used 
for-  temperatures  in  excess  of  2000  C.  A  summary  of 
furnace  specifications  is  given  below: 

MAXIMUM  SUSTAINED  TEMPERATURE  2760  C  (5000  F> 

HEATING  RATE  Room  temperature  to  maximum  temp, 

30  min. 

HOT  2  ONE  Cy  1  i  n  dr  i  c  a.  1  ,  S .  0  in.  1  on  g  ,  3.0  in.  d  i  a  . 

HEAT  I NG  E L EMENT  6r  a. p  h  i  t  e 

THERMAL  INSULATION  Larbon  felt  and  powder 

ACCESS  TO  hot  ZONE  Axially  from  both  ends 

cooling  Water  cooled,  1.5  gal.  per  min. 

a  tend  o  w  n  t  r  a.  n  s  f  o  r  m  e  r  for 
203 -'150  volt,  60  amp  -source, 
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POWER  SUP  PL -i' 


18  h  'w 


5 . 2 


LOADING  SYSTEM  FOR  PULL-OUT  SPECIMENS 


The  loadiriQ  +rarrie  -for  this  project  was  designed  and 
built  specially  tor  this  turn ace  and  is  shown  in  tigure 
13.  The  trame  consists  ot  a  17  RPM  Bodine  reuer s i bl e  gear 
head  motor  which  through  a  worm,  pinion,  and  beuel  gear 
will  turn  a  1/2  in.  threaded  shatt.  The  non-rotating 
collar  on  top  ot  the  shatt  will  displace  0.010  in.  per 
minute  bv  the  rotation  ot  the  threaded  shatt.  A  hollow 
rectangular  steel  brace  is  placed  between  the  displacement 
trame  and  the  turnace  to  stitten  the  system.  The  system 
IS  good  tor  loads  up  to  about  150  pounds.  The  high 
temperatures  inside  the  turnace  required  the  use  ot  a 
series  ot  graphite  blocks  to  withstand  the  loads  necessary 
to  test  the  shear  specimens.  This  chain  ot  loading  blocks 
i  s  showin  in  tigure  14. 

5,3  LOADING  Si  STEM  FOR  AXIAL  AND  CREEP  SPECIMEN 

The  axial  specimens  tor  the  tensile  rupture 
experiment  used  the  loading  trame’  described  aboue  tor  i  t  s 
higher  load  capabilities.  The  creep  specimens,  however , 
used  an  entirely  ditterent  loading  system.  Because  ot  the 


relatively  low  load  needed  -for  the  creep  study  and  the 
tact  that  the  load  must  be  constant  regardless  o-f  the 
axial  displacement,  a  dead  weight  system  was  developed. 
When  running  a  creep  test,  both  temperature  and  load  must 
be  varied,  there-fore,  a.  shockless  loading  system  using 
water  is  used,  -figure  15.  The  load  path  inside  the 
■furnace,  shown  in  -figure  16,  consists  o-f  the  specimen 
attached  to  the  top  o-f  the  -furnace  with  the  test  section 
in  the  middle  o-f  the  hot  zone.  Two  other  sets  o-f  -fibers 
are  used  as  an  i  n  terrried  i  a  te  load  bearing  system  because  o-f 
their  light  weight  and  high  strength.  These  -fibers  have  a 
cross  sectional  area  -five  times  that  o-f  the  test  section 
of  the  specimen.  Since  creep  strain  is  an  inverse  power 
function  of  the  cross  sectional  area,  the  creep  of  the 
load  bearing  fibers  in  all  but  the  test  section  of  the 
specimen  is  negligible. 

5.4  I H ST R IJMENT AT  I  ON 

For  both  loading  systerris,  the  force  is  measured  by 
strain  gages  attached  to  a  thin  piece  of  aluminum  hanging 
below  an  aluminum  frame  work  housing  the  Linear  Variable 
Differential  Tr ansf ormer , < LWDT) .  for  displacement 
measurement,  figure  17.  The  strain  gages,  type 
EA-O 60 -0 o2AP“  1  20  are  sucpl  led  b'*-  Micro-Measurements.  The 


gages  are  connected  in  a  -four-arm  Wheatstone  bridge 
circuit  and  are  excited  by  a  440  Hz.  oscillator  built  into 
a  HP-77CI2A  two  channel  strip  chart  recorder.  The  systerri 
is  calibrated  for  the  load  range  desired  and  recordings 
made  for  each  test.  The  linear  variable  differential 
transformer,  <L*v’DT),  model  200  DCD,  is  supplied  by 
Schavitz  engineering  and  has  a  sensitivity  of  50.6  volts 
per  in.  The  power  supply  for  the  LUDT  is  a  dual  15  volt 
DC  regulated  power  supply.  Data  is  taken  off  a  digital 
volt  meter  for  recording  purposes.  Figure  18  is  a  block 
diagram  showing  all  the  i  nstrumien  tat  i  on  and  control 
equipment  for  the  furnace  and  loading  systems. 

5 . 5  PULL-OUT 

The  pull-out  tests  were  done  in  two  ways.  The  first 
used  a  controlled  test  length  of  0.300  in.  for  both  axial 
and  radial  specimens.  The  reason  for  this  is  to  provide  a 
direct  comparison  of  average  break -free  and  friction 
forces  required  to  pull  out  the  respective  fibers.  The 
second  used  axial  specimens  only  and  each  with  a  different 
gage  length.  The  reasoning  behind  this  last  series  of 
tests  IS  as  follows;  The  paramieters  being  measured  are  1> 
The  force  needed  to  break  free  the  bundle,  and  2>  the  gage 
length  and  bundle  dimensions  in  the  test  section.  These 


quantities  can  only  be  used  to  -find  the  average  stress 
needed  to  break-tree  the  bundle,  or  the  maximum  -force  that 
the  bundle  will  experience.  From  the  shear-1 ag  analysis, 
appendix  B,  it  is  known  that  the  shear  stress  is  a 
hyperbolic  function  with  respect  to  length.  The  general 
solution  for  this  problem  is  given  as  equation  12  in 
append i x  B : 

F  =  sinh(otx)  +  C2  cosh(ax) 

For  the  specific  application  to  this  testing,  figure 
19  is  used  in  conjunction  vjith  the  following  boundary 
con d  i  t i on s : 

atX=0,  F=0 

at  X  =  /  ,  F  =  F  max 

"  =  0  . 

Where;  F  =  force  on  the  fiber  at  position  X. 

F  max  =  force  on  the  fiber  outside  the 

m  a  t  r  i  x  . 

Note:  The  term  is  defined  as  the  strain  of  the 

matrix.  The  only  matrix  strain  occurring  in 
this  model  is  that  due  to  temiperature  . 

Since  this  analysis  is  based  solely  on 
e -peri mental  data,  the  correction  for  strain 
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due  to  temperature  can  be  associated  with 
the  Mari  able  b  which  is  de-fined  as  the 
e-f  t  e  c  t  i  ye  radial  distance  -from  the  -fiber 
into  the  matrix  where  the  the  matrix  stress 
is  constant,  and  be  von d  which,  the  shear 
stress  is  zero. 


From  appendix  B 


The  above  boundary  equations  will  give  the  values  for 
the  constants  Cj  and  as  follows: 


^1  ~  iTnhl^rZ)’ 


max 


=  0 

The  force  on  the  fiber  then  becomes: 


F  =  -ffr  sinh(<Aj() 


Recalling  that 


1  dF 


dF 

dx 


oifF  cosh(«Ax) 
max 

sinh(tC?) 


Then e for  e  ; 


At  x  =  ^ 


max 


o<  F 

max 

tanh(9t.^') 
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Specimen 

T  emp 

Gage  length 

'T'  ave 

<C) 

C  i  n ) 

<  ps  i  ) 

A-9 

1000 

0 . 225 

1313 

A-1  2 

1000 

0.303 

1030 

A-15 

1000 

0.310 

1257 

A-1  S 

1000 

0.300 

1029 

Bv 

assuming  that  T^max  is 

the  same  tor  all  specimens 

at  this 

t  emp  e  r  a  t  u  r 

e ,  curves  can 

be  plotted  tor^Tmax  vs.O^. 

This  pro 

cedure  i  s 

toll  owed  tor 

each  ot  the  data  points 

■finding  the  values  -f or oC  where  the  curves  cross  each 
other.  The  average  value  -for  CXfis  then  plugged  back,  into 
the  equations  -for  ^max  -for  each  point.  This  iteration 
process  is  continued  -for  each  temperature  with  the  results 
of  Tmax  -for  each  o-f  the  axial  pull-out  specimens  listed 
in  table  3  with  both  the  average  value  and  standard 
deviation  -for  the  three  tecTiperatur es  examined. 


5 . 6  CREEP 

Anal  V  sis  by  Quan  and  Sines,  in  appendi  x  A,  has  shown 
that  upon  heating,  there  is  a  tensile  stress  in  the  radial 
direction  and  that  this  stress  is  greater  than  that  in  the 
c  '  r  cum-f  er  en  t  I  a  1  direction.  In  order  to  reduce  the  stress 
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in  the  radial  direction,  it  may  be  advantages  to  promote 
creep.  In  order  to  model  this  -form  o-f  stress  relief,  we 
assume  that  a  perfect  bond  exists  between  the  radial  and 
circumferential  fiber  bundles.  With  these  boundary 
conditions,  the  classic  model  of  stress  relaxation  of  a 
rod,  fixed  at  both  ends  and  heated,  rriay  be  used,  (re  -  2) 

In  the  following  model,  developed  by  Quan  and  Sines 
'ref  2>  it  is  assumed  that  the  only  appreciable  creep 
strain  is  in  the  radial  yarn.  The  assumed  unit  cell  has 
25'/.  radial  fiber  and  the  remaining  757.  has  properties 
along  the  radial  direction  similar  to  that  of  the  matrix. 
If  a  balance  of  force  exist  between  the  matrix  and  fiber, 
ie.  perfect  bonding,  then  the  following  relation  between 
the  tensile  stress  in  the  fiber  and  the  compressive 
stress  of  the  matrix  appl ies: 

Since  the  stress  terrri  in  the  creep  equation  behaves 
in  a  power  1 hw  fashion,  this  makes  the  matrix  in  the 
radial  directnon  relatM'elv  insensitive  to  creep. 

The  general  creep  equation  used  in  this  model  is; 

^  exp 

lilhere  ^  =  creep  strain. 
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Consistent  with  this  model  is  the  expression  -for  the 


RESULTS  AND  DISCUSSION 


6.1  PULL-OUT 


A  direct  comparison  was  done  between  pull-out 
specimens  hauing  either  the  radial  or  the  axial  tibers  as 
the  test  -fibers.  Three  each  o-f  the  two  types  o-t  specimens 
were  tested  at  each  o-f  three  di-f-ferent  temperatures.  Each 
specimen  had  a  gage  length  o-f  0.300  i  .  0 1 5 .  The  results  o-f 
this  comparison  are  shown  in  -figure  21  and  table  4. 

Not  i  ce  that  the  averages  o-f  the  break--free  shear  stress 
-for  the  axial  fiber  bundles  had  a  significantly  higher 
value  at  the  1500  C  temperature,  as  well  as  a  much  lower 
variation  of  stress  than  the  radial  fiber  bundles.  This 
supports  the  belief  that  the  interfacial  cracking  of  the 
bundl  e-rriatr  i  y  interface  of  the  radial  fiber  bundles  shown 
in  figure  1,  can  significantly  reduce  the  shear  load 
capabil ity  of  the  radial  fiber  bundles.  A  little 
surprising  is  the  fact  that  at  1000  C,  the  same 
significant  difference  in  the  break-free  shear  stress  was 
not  seen.  One  possible  explanation  for  this  is  that 
cracks  do  exist  between  the  fiber  and  the  matrix  of  the 
axial  fiber,  however,  the  magnitude  of  the  size  of  these 
cracks  is  considerably  less  than  the  radial  cracking,  and 
that  at  a  high  temperature,  thermal  expansion  of  the 
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matrix  closes  the  axial  cracks  tirst  creating  a  large 
normal  force  jamming  the  -fiber  in  place.  Also  included  in 
this  cofTip  ar  i  son  is  the  -friction  load  carried  by  the  -fiber 
bundles  a-fter  the-  have  broken  -free  -from  the  matrix. 

Again  as  expected  the  axial  -fiber  bundles  show  a  higher 
-frictional  shear  stress  capability  than  the  radial  -fiber 
bundles.  This  can  be  explained  by  the  thermal  expansion 
ot  the  matrix  +ir_t  having  to  close  the  wider  cracks  in 
the  inter-face  between  the  radial  -fiber  bundles  and  the 
matrix  be -fore  a  normal  -force  can  be  applied  to  the  -fiber 
bundle.  In  some  instances  the  data  -from  the  pull-out 
tests  showed  that  the  radial  -fiber  bundle  had  completely 
broken  -free  -frorri  the  miatrix  and  was  held  in  by  the 
-friction  -force  only.  This  is  shown  by  -figure  22,  which 
shows  the  data  -frorri  three  representative  tests  as  graphed 
by  a  force  vs.  t  i  mie  plot  taken  during  the  test. 

A  second  series  of  pull-out  tests  were  performed 
using  the  axial  specirriens  only.  This  test  included 
pull  I  ng  out  bundles  frorri  the  test  specirriens  with  different 
gage  lengths.  Using  this  data  and  the  equations  developed 
in  the  previous  section,  the  average  peak  shear  stress  can 
be  found  for  each  temperature.  Since  the  axial  specimens 
showed  no  visible  signs  of  bundle-matrix  cracking,  even 
with  the  fluorescent  dye  at  1  OX  magnification,  it  was 
concluded  that  this  data  can  be  used  to  establ i sh  the 


I  ri  t  er-f  ac  i  al  shear  strength  oi  the  bundle-matrix  inter-face. 


The  results  o-f  this  data  can  then  be  used  to  predict  the 
•failure  o-f  a  composite  during  processing.  The  results  o-f 
fhis  test  is  shown  in  -figure  23.  Notice  the  increase  in 
strength  with  temperature  for  the  average  and  calculated 
peak  shear  stress.  This  is  consistent  with  the  general 
knoiAi ledge  that  the  strength  and  stiffness  of  carbon 
increases  in  magnitude  with  temperature  until  about  2000  C 
before  falling  off.  There  is  a  question  of  whether  cracks 
in  the  axial  direction  e>Mst  or  not.  There  are  no  visible 
cracks  and  the  above  analvsis  assumed  that  cracks  do  not 
exist,  however,  data  from  break -free  experiments  at  1000  C 
did  not  show  the  expected  increase  in  strength  of  the 
axial  specimens  over  the  radial  specimens  and,  the  data 
frorri  specimen  A-13,  figure  22A ,  show  that  there  was  no 
clear  break  free  point,  only  a  friction  force  that  held 
the  fiber  in  the  matri  -  . 

*,2  AXIAL  CREEP  Ar-JD  RUPTURE 


Gr aph i t i z a t i on  of  the  axial  test  specimens  made 
in-house  presented  a  problem.  The  furnace  atmospheric 
seal  s  melted  before  the  furnace  reached  the  desired 
gr  aph  i  t  I  z  a  t  I  on  temperature  of  2500  C,  in  fact,  the  rriax  i  rriurri 
t  errip  e  r  a  t  u  r  e  that  the  furnace  could  be  safely 


run  was  1800 


c. 


The  r  ema i n i ng 


I 


that  i.'.iere 
treated  at 
the  test  s 


the  siTiooth 


•  xial  specimens  made  in-house,  those 
not  oxidized  when  the  seals  melted,  were  heat 
1300  C.  Figure  24  shows  a  photomicrograph  o-f 
action  ot  an  axial  -fiber  made  in-house,  notice 
surface  which  shows  that  uer y  1  ittle 


percolation  occurred  during  processing.  When  tested  in 
creep  at  1300  C  the  specimen  showed  no  elongation  with  an 
axial  stress  of  11.4  ksi  for  20  min.  This  was  not 
surprising  since  Qu an  and  Feldman  found  no  appreciable 
creep  with  the  same  specimens  before  reaching  a 
temperature  of  2200  C. <ref  7) 

The  in-house  axial  specimens  were  also  tested  to 
rupture  at  room  temperature,  these  specimens  included  some 
graphitized  as  vue  1  1  as  son-ie  calcined  and  simply 
impregnated.  The  manufacturers  data  for  HM-3000  shows  a 
dry  ultimate  strength  of  350  ksi  for  the  fiber  bundles. 

The  nine  specimens  tested  all  broke  in  the  test  areas  at 
values  between  135  and  230  ksi.  One  possible  explanation 
for  this  IS  that  there  may  be  matrix  pockets  betwieen  the 
filarrients  creatino  stress  concentrations.  The  data  showed 
that  there  was  little  difference  in  the  strength  of  the 
fiber  bundles  tested  at  different  stages  of  in-house 
p  r  o  c  e  s  s  i  ri  g  . 


I 


CONCLUSION 


Tht-  tindiriQs  ot  thi?  oriQinal  crack  study  by  Sines  and 
Cohen  're+  1',  suggested  that  the  leuel  of  stress  in  the 
radial  +  i  ber  bundle  ma-  haue  something  to  do  with  the 
c I rcum+er en t I al  crack  cattern  observed.  The  assumption 
that  the  r  ad  I  -1  -fiber  :s  the  most  severely  stressed  -fiber 
I  a  confirmed  br  s i mp 1  a  analysis  by  both  Quan  and  by 
Jor  tner  in  aopendix  h  re-f  2>.  The  usefulness  of  the 
radial  fiber  bundle  in  reducing  the  circumferential 
composite  stress  is  dependent  on  them  being  strong  and 
I'le  1  1 -bon  de  d  to  the  surrounding  matr  i  -  .  If  the  fiber- 
bundle  "Jet'orid:  during  pi  ocess  i  ng ,  its  effectiveness  in 
rel  ieving  the  hoop  str^-ss  i  s  minimal  and  I'jou  1  d  be 
ecoriomicai  I  •  in  founded  to  have  radial  bundles,  if  this  is 
♦heir  on  1  >  function.  In  this  study  it  was  shown  that  the 
radi  al  fiber  had  indeed  at  least  partially  debonded  from 
♦  hi  e  s  u  r  i"  a  u  n  d  i  n  g  rri  a  t  r  i  >;  .  The  anal  y  sis  b  y  Cohen  and  Sines 
shells  that  the  radial  bundle  shear  stress  is  greater  at 
both  the  inner  and  outer  radiu-s  than  in  the  center.  An 
exact  analysis  and  prediction  of  when  the  fiber  rriay  pull 
free  is  bevond  the  scope  of  this  report.  The  need  for 
accurate  c  r  e  e  C'  data  is  essential  in  f  i  n  d  i  n  o  a.  ui  a.  >■  t  o 
rel  I  eve  the  stress  in  the  radial  bundle  to  a  level  be  1  oiw 
the  strength  C'f  the  bundl  e-ma  tr  i  y  interface,  this  I'.iou  1  d 
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PROPERTY 


HM-30CI0 


HM- 10000 


Dens  1  t  y  i:  1  d/  i  n  > 

0.067 

0 .066 

S  t  r  e  n  g  t  ti  i  mp  r  e  Q  .  (  k  s  i  > 

350 

355 

'  pa.i:> 

54  X  10 

50  X  10^ 

E  j  '  p  s  i  > 

1  .  5  X  1  0  ^ 

3.5  X  10^ 

Diameter  vUm> 

7.2 

7.5 

/OF) 

* 

1 . 39  X  1 0 

* 

7.5  X  10 

Table  1  Conditioned  oroperties  of  fibers  used  in  this- 
s  t  u  d  >'  a  t  r  oom  t  emp e  r  a,  t  u r  e  f  r  om  their 
mariu  f  ac  t  u  r  er  •' s-  data 


PROPEPT  1 


COAL  TAP  PITCH 
277CP-1 
1  .  35 


Densi'-  'qrcc) 

CooP  I  TiQ  “alije  <y.  y  .  2 

Benzene  Insolubles  12  -  13 

Ouirio'ine  Insolubles  ■  "4  ■  4-8 


Ash 


0.25 


Properties  o+  277CP-15‘-'  coal  tar  pitch  matri 
•from  their  manufacturer's  data 


TABLE  3A.  ALPHA,  ALiERAGE  AND  PEAK  SHEAR  STRESS  FOR 
ROOM  TEMPERATURE  AXIAL  PULL-OUT  SPECIMENS 


SPECIMEN 

TEMPERATURE 

'T' 

L  aue 

ALPHA 

T  max 

'  C ) 

p  S  1  ) 

( 1  /  i  n  ■' 

(  p  s  i  > 

h-5 

ROOM 

1  0  44 

4.5 

2031 

A-6 

ROOM 

o / 

4.5 

1  433 

H  / 

ROOM 

1  0  85 

4.5 

1795 

A-o 

ROOM 

>■  Ij 

4.5 

1171 

A-l  1 

ROOM 

1  190 

4.5 

1838 

^H-1  3 

ROOM 

921 

4.5 

1  409 

H  - 1  4 

ROOM 

1  154 

4.5 

1798 

.V  'E  .  '  P3  I 

\ 

■Vv4 

1646 

deaiatioh  <•.: 

> 

19.2 

TmBLE  3B. 

ALPHA,  AV-'ERaliE  AND 

PEAK  SHEAR 

STRESS 

1000  C  AXIAL  PULL- 

OUT  SPECIMENS. 

SPEC  IMEN 

TEMPERATURE 

'1' 

1  a  M  e 

ALPHA 

^  max 

'  C) 

•  p  S  1  > 

( 1  /  i  n ) 

( ps  i  ) 

A  -  9 

1000 

1  3 1  3 

4.18 

1679 

«-l  2 

1000 

10  30 

4.1  8 

1536 

►^-15 

1  0  0  0 

1  257 

4.18 

1393 

H-1  3 

10  00 

1  094 

4.18 

1615 

(-(''EF'AGE  ' 

PS  I  ) 

1  1  74 

1557 

■  ThNDAPD 

DE' MAT  I  ON  ■:*. 

I 

7.9 

TABLE  3C 

.  ALPHA , 

AUERAGE  and 

PEAK  SHEAR  STRESS 

150  0  C 

AXIAL  PULL- 

OUT  SPECIMENS 

SPEC IMEM 

TEMPERATURE  Taue 

ALPHA 

Tmax 

c  C  > 

■:  PSI  > 

1  X  i  n  ) 

CPSI  ) 

A-  1  0 

1  50  0 

1  576 

2 . 8 

2006 

A  -  1  6 

1  500 

1  562 

2.3 

1830 

A-l  7 

150  0 

1  ‘.20 

2.9 

1991 

AC'ERAGE 

'■  p  •=  1  > 

1586 

1  940 

STANDARD 

C'EU  I  AT  I  ON 

4.9 

Tsble  3.  '.'alues  -for  Aloha,  Xave ,  and  TViav  -for  pull-out 
^pacimens  usihq  the  axial  bundles. 


SPECIMEN  TEMPERATURE 

AUERAGE  BREAK  AWERAGE  FRICTION 
FREE  SHEAR  SHEAR  STRESS 

STRESS  RSI  PSI 

R-14 

ROOM 

1  660 

1270 

R-15 

ROOM 

10  30 

513 

R-17 

ROOM 

* 

866 

A-1  1 

ROOM 

1  1  90 

- 

A-1  3 

ROOM 

* 

921 

A-1  4 

ROOM 

1150 

884 

R-12 

1  000 

1179 

588 

R-1  8 

1  0  0  0 

120  3 

879 

R-6 

1000 

1308 

780 

A-1  2 

1  0  0  0 

1030 

914 

A-1  5 

1  000 

2  257 

948 

A- 1  8 

1  0  0  0 

1094 

931 

R-1  3 

1  50  0 

1016 

581 

R-1  6 

1  50  0 

1  1  50 

842 

R-1  0 

1  50  0 

1  697 

674 

A-1  Cl 

1  50  0 

1  60  2 

1210 

A  —  1 

1  50  0 

1  560 

1  260 

A-1  7 

1  50  0 

1  620 

1  30  5 

*  Fiber 

pulled  ^ree  uiithout  a  detin 

ite  break  free  poin' 

-  When 

f  i  ber  let  go ,  it 

pul  led  Gu  t 

c  omp  1  e  t  e  1  >■ 

Table  4 

.  Data  tor  radi 
a.  gage  1  ength 

a.  1  and  axial  =.hear  specimens  wi  i 
ot  approx i ma t e 1 v  0 . 300  i n  . 
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The  white  lines  in  the  figure  are  cracks  where  flourescent 
dye-penetrant  has  wicked  into  them.  The  small  squaresand 
long  bands  of  dark  material  is  the  matrix  while  the  smaller 
lighter  rectangles  are  the  fiber  bundles.  Cracking  is 
apparent  inside  the  bundle  as  well  as  in  the  bundle-matrix 
i nterface . 

Figure  1.  Photomicrograph  shows  the  0-Z  plane  of  a  billet 
coupon . 


FIBER  RADIAL  DIRECTION 


Figure  2. 


Schematic  Representation  of  basal  plane  alignment 
VS.  radius  for  a  typical  PAN  based  filiment. 


Figure  3 


Chemical  representation  of  the  chain  polymer 
polyacrylonitril . 
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41 


Figure  6.  Variation  of  fiber  volume  fraction  with 


inside  the  tube  furnace. 


Figure  10.  Block  diaqram  of  calcination  furnace  and  instrumentation 


graph  of  the  calcination  furnace  and 
latic  controller/recorder. 


Figure  14.  Graphite  loading  blocks  for  pull-out  specimens 


HEATING 

ELEMENT 


SPECIMEN 
GAGE  LENGTH 


Figure  16.  Furnace  load  path 
specimens 


Variation  with  temperature  of  the  average  break- 
and  friction  shear  stress  for  radial  pull-out 
specimens  with  a  0.300  gage  length. 


At  ^  /Z-/3 


(A)  Plot  of  shear  pull-out  with  no  clear  break  free  point,  only 
friction . 


(B)  Plot  showing  complete  pull-out  of  fiber  after  break  free  point 


(C)  Ideal  case  showing  breakfree  point  and  transition  to  friction 


Fiaure  22.  Data  plots  of  three  representative  shear  pull-out  tests 


-11 

-14 


Figure  23.  Variation  with  temperature  of  the  calculated  peak 

bonding  shear  strength  and  experimentally  determined 
average  shear  strength  for  axial  bundle  pull-out 
tests  . 


PhotoriU.roijraph  of  creep  specin:en  test  section 
after  jraplii  ti  ^ati  on  at  I'ui!  C.  iiotice  the  smooth 
stirface  shovnnq  very  little  percolation. 


APPENDIX  A 


THERMALLY  INDUCED  RADIAL  STRESS  IN  A  CYLINDRICAL  l.JEAUE 

CARBON-CARBON  COMPOSITE 

The  toll  owing  simple  analysis  gives  a  rough  estiiriation 
o-f  the  relative  magn  i  t  y  de  o-f  the  maximurri  radial  stress  to 
that  o-f  the  circumferential  stress.  For  the  purpose  of 
5  I  rrip  1  i  c  i  t  >  ,  the  circumferential  stress  at  the  outer  and  inner 
radius  are  taken  as  equal  and  opposite. 


* 


ee 


This  i  iTi  p  1  i  e  s  ; 

'^09^0  ""  '^^90^  ^  ^  ^00 

Frorri  anal  -  sis  done  b>  Quan.'ref  2).  this 
IS  "sl  id  and  acceptable.  i-ie  assume  that  the 
the  direction  along  the  fiber  a- is  is  eaual  f 
radial  and  c  i  n  r  umf  e  r  e  n  t  i  a  1  bundles.  Table  1 
d ! t  f  e  r  e  n  c  e  to  be  o  n 1  *  eight  percent. 


s i mp 1  i f  I  c  a  t  i 
elastic  m  o  d  u 1 


or  both  the 


'  ShCii'iS  the 


on 

1 


I  n 


^^09^a 


E 


=  2  lY  r  ,  I  ■  I  ti  e  the 


The  r  I  r  um  f  e  r  e  n  c  e  o  +  r  r,  a  t'  i  1  1  e  t  is  C 


billet  is  rapidly  heated,  both  the  inner  and  outer  dimensions 
will  change . 


Thf-  outer  c  i  rcumt  er  ence  ,  Co'  can  be  expressed  as: 


C'  =  C  +  AC  =  C  +  C  e  +  C.oAT 
0  0  0  0  0  ”  0 


A-1 


Where  the  mechanical  strain 


2  R '  =  2nR„  +  2nR^  +  2nR^aAT 

0  0  0  E  0 


A-2 


R' 


+  aAT 


] 


A-3 


Where  oC  is  the  coefficient  of  thermal  expansion,  R  is 
the  original  billet  radius,  and  R'  is  the  billet  radius 
immediately  after  rapid  heat  up. 


Similarly,  the  inner  radius  will  be: 


The  me  c  hi  5  n  i  c  a  1  strain  in  the  radial  direction  is  9  i  m  e  n 


This  is  the  maximum  mechanical  strain  that  a  radial 
bundle  will  excer  lence,  it  certect  bondinq  exists  between  the 
radials  and  the  corresponding  matrix. 

The  stress  in  the  radial  bundle  can  be  giuen  bv; 


Final  l  x,  the  stress  in  the  radial  tibers  can  be  expressed 


From  thie  sbce  anal  >  ei  s,  one  can  see  that  the  stress  in 


the  radial  bundles  is  always  greater  than  that  o-f  the 
c  i  re  um-teren  t  i  al  bundles.  Variations  in  the  stress  along  the 
radial  bundles  will  result  in  a  peak  stress  higher  than  this 
average  value. 

The  above  model  considered  the  bundles  isolated  -from  the 
composite  without  direct  interaction  with  the  local  thermal 
expansion  o-f  the  composite.  Julius  Jortner  (3)  recently  made 


a  second  order  approximation  which  gives; 


Whw  r  e  ; 


B- 

"r 

^0 


C*  ^*^0  *^1^  .  /C 

"0  ^  “fi 


-  at 


c* 

e. 


-t  (C  -  B  )  at 


Average  axial  mechanical  strain  in  the 
radial  bundle. 


B* 

e 


0 


Axial  tensile  mechanical  strain  in  the 
radial  bundle  at  the  outer  radius  Ro, 

<it  is  assumed  to  be  approximately  equal 
in  magnitude  to  the  compressive  strain  in 
the  c  i  rcum-f  eren  t  i  al  bundle  at  the  inner 
radius  R i  >  . 

Mechanical  c  i  rcum-f  eren  t  i  al  strain  in  the 
compos  I  te  at  Ro . 


Coe -f -f  I  c  I  e  n  t  o-f  thermal  expansion  o-f  the 
bundl e  . 


Axial  coe-fficient  of  thermal  expansion  of 
the  bundle. 


No f  ice  that  this  analysis  also  predicts  that  the  strain 
'  stress'^  in  the  radial  bundles  is  always  higher  than  the  peak 
strain  'stress)  in  the  circumferential  bundles. 

Bc'th  models  are  limited  to  giving  the  average  of  the 
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axial  mecharucal  strain  in  the  radial  bundles;  it  will  be  seen 
that  the  pe^<k  strain  in  the  radial  bundles  will  be  higher; 

The  radial  composite  stress  ‘^strain)  which  occurs  upon  heatinq 
is  c  ompr  e  ss  I '.'e  while  being  zero  at  the  outer  and  inner  radi  i 
and  has  a  roughly  parabol ic  shape  with  the  peak  near  the 
middle  o-t  the  radial  thickness.  Shear  interaction  o-f  the 
radial  bundles  with  this  compressive  composite  strain  would 
decrease  the  axial  tensile  stress  in  the  radial  bundles  would 
be  higher  near  the  outer  and  inner  radii  and  higher  than  the 
average  predicted  by  both  o-f  the  above  analyses.  (Jortner 
considers  the  above  in  a  quantitative  way  in  the  dra-ft  o-f  his 
rec'ort  in  preparation.) 

Man.  billets  have  a  layered  structure  where  the  number  o-f 
radial  -fibers  is  increased  at  the  outer  radius  in  an  attempt 
to  make  the  radial  bundle  density  more  constant.  Neither 
jrialysis  considers  this  e-ffect  or  the  coincident  ef-fect  o-f 
t  e  r  iTi  I  n  a  t  I  on  o-f  some  fibers  at  the  layered  interfaces. 


Force  Equ i 1 i br i um 


(F  +  dF)  -  F  -  2irr  tdx  =  0 


dF  =  2Trr  xdx 

Displacement  o-f  -fiber  t  o  ma  t  r  i  x  is  (  v  -u  )  . 

b  is  the  e-f-fective  thickness  o-f  the  bundle  matrix 
inter-face,  where  at  >=0,  snd  at  Y=b,  V  =0 


The  shear  strain  Y  =  - 


u 


Shear  modulus  = 


Therefore: 


Combining  equations  (2), (3), and  (4) 


Differentiating 


dv  du  /bw  1 

■  17 


)(^) 


Since  the  strain  in  the  matrix  is: 

dv 

H7  " 

and 


du 


irr*^ 


Combining  (7)  and  (8)  into  (6)  gives; 


Letting 


d^F  .  2 

y  -  -a  r  + 

dx 


a^(E,Trr^e  ) 

T  m 


F"  +  Jf  -  ^  g 


The  solution  of  this  equation  is  in  t  ti  e  tom: 


+  C-j  sinh(ax)  +  cosh(ax) 


By  inserting  the  a  p p  r  op  r  1  a  t  e  bo u  n d  a  r  y  conditions  tlu- 
c  o  n  s  t  a  n  t  s  can  be  found  for  s  p  e  c  i  t  1 1  <  a  s  e  s . 


<I  <I 


APPENDIX  C 


DATA  TABLES  FOP  PULL-OUT  SPECIMENS 
DATA  TABLE  FOP  AXIAL  PULL-OUT  SPECIMENS 


SPECIMEN 

GAGE 

FIBER 

TEMP 

BREAK- 

FRICTION 

LENGTH 

DIMENSIONS 

( C ) 

FREE 

LOAD 

■:  IN) 

(AxB)  ' 

C  in) 

LOAD 

'lib) 

(  1  b  ' 

A- 5 

0.424 

.051  X 

.045 

ROOM 

85 

_ 

A-6 

0.386 

.0  38  X 

.055 

ROOM 

63 

- 

A-7 

0 . 333 

.049  X 

.052 

ROOM 

73 

- 

A-S 

0.345 

.045  '.<■ 

.062 

ROOM 

51 

- 

0 . 225 

.052  X 

.058 

1000 

65 

- 

A-in 

0.332 

.035  X 

.051 

1500 

90 

72 

A-l  1 

0.300 

.050  X 

.  034 

ROOM 

60 

54 

A-12 

0.305 

.045  X 

.060 

1000 

66 

53 

A- IS 

0 .2P6 

.053  ■<' 

.057 

ROOM 

60 

60 

A-  1  ‘I 

0.304 

.044  X 

.050 

ROOM 

66 

24 

A-IC' 

0  .  310 

.044  X 

.  030 

1000 

SO 

48 

A  - 1  6 

0.260 

.OA"?  / 

.049 

1500 

78 

63 

A-!  7 

0 . 303 

.050  ’■ 

,  050 

1500 

108 

87 

A  -  1  3 

0  .  300 

.057 

.045 

1000 

67 

57 

o^ta  for 

RADIAL 

PULL- 

OUT  SPECIMENS 

SPEC  IMEti 

GAGE 

F  I  BER 

TEMP 

BREAK- 

FRICTION 

length 

DIMENSIONS 

<  C  > 

FREE 

LOAD 

'  IN  ■ 

•  A  '  B  1  ■: 

.  INi 

LOAD 

■:ib) 

( 1  b) 

P-b 

0  .  33.5 

.020  X 

.0  31 

1000 

41 

22 

P  -  ^ 

0  .  :-:’5 

.021  ■' 

.032 

1000 

52 

31 

P-’ 

U  .404 

.0  20  X 

.02? 

1500 

43 

13 

0 .40  5 

.02!  X 

.031 

ROOM 

Z;  J 

P--Q 

0  .  332 

.022  • 

.0  30 

1500 

30 

- 

P  -  1  Ij 

0  .  3 1  3 

.0  28  X 

.  0  20 

1500 

51 

20 

P-!  i 

0.30^ 

,o;  t  ■< 

.0  31 

1500 

54 

- 

P  -  . 

0 . 300 

.  0  2  1  '■ 

.  0  3 1 

1000 

36 

1  8 

P-1  1 

1}  .  ^  1  3 

.  0 .  0  ■’ 

.0  3'=. 

I  500 

35 

20 

P  -  1  4 

0  .  2  3'  3 

.  I' 

.441 

POOM 

■,3 

48 

P  -  lb 

0  .  ;  4j 

.  j2i) 

.  0  3 1 

ROOM 

42 

21 

P-1  A 

0  .  3  jU 

.020  ' 

.  0  3 .5 

1500 

45 

P  -  •  ' 

0  .  42  3 

.  1 !  2  ' 

.0  37 

ROOM 

33 

33 

P- 1  y 

0 .324 

.  C' :  4 

.  i'  3 1 

1000 

39 

29 
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n6ANI2/)TI0N 

LASTNANE 

FIRSTNANE 

CITY 

STATE 

ZIPCODE 

ACUREX/AEROTHERH 

Carlun 

D.  L. 

Nountain  Vie* 

CA 

V4042 

ACUREI/AEROTHERH 

ZiMcr 

J.  E. 

Nountain  Viea 

CA 

94042 

AEROJET  EIECTROSYSTERS 

Buch 

J.  D. 

Azusa 

CA 

91702 

AEROJET  STRATEGIC  PROPULSION  CONPANY 

Davis 

H.  0. 

Sacraaento 

CA 

95B1J 

AEROJn  STRATEGIC  PROPULSION  CONPANY 

Narchol 

P. 

Sacraaento 

CA 

9S613 

AERONUTRONIC  FORD 

Pope 

J. 

Neuport  Beach 

CA 

92463 

AEROSPACE  CORPORATION 

Baker 

R.  L. 

Los  Angeles 

CA 

90009 

AEROSPACE  CORPORATION 

Chase 

A.  B. 

Los  Angeles 

CA 

90009 

AEROSPACE  CORPORATION 

Evangel  ides 

J.  S. 

Los  Angeles 

CA 

90009 

AEROSPACE  CORPORATION 

Fcldian 

L. 

Los  Angeles 

CA 

90009 

AEROSPACE  CORPORATION 

Neyer 

Robert  A. 

Los  Angeles 

CA 

90009 

AEROSPACE  CORPORATION 

Robinson 

E.  Y. 

Los  Angeles 

CA 

90009 

AEROSPACE  CORPORATION 

Rubin 

L. 

Los  Angeles 

CA 

90009 

AEROSPACE  CORPORATION 

Nhite 

J.  L. 

Los  Angeles 

CA 

90009 

AFDSR/HC 

Ulrich 

D.  R. 

Bolling  AFB 

DC 

20332 

AFHAL/NLBC 

Abraas 

Frances 

Nright-Patterson  AFB 

ON 

45433 

AFNAL/NLBC 

Schaidt 

D. 

Hright-Patterson  AFB 

OH 

45433 

AFHAL/NLBC 

Theibert 

L.  Scott 

Nright-Patterson  AFB 

ON 

45433 

AFHAL/NLBE 

Craig 

R.  E. 

Nright-Patterson  AFB 

OH 

45433 

AFHAL/HLBL 

Kesslar 

N.  C. 

Hright-Patterson  AFB 

OH 

45433 

AFHAL/NLBN 

Drzal 

L.  T. 

Nright-Patterson  AFB 

ON 

45433 

AFHAL/HLBN 

Pagano 

N.  J. 

Nright-Patterson  AFB 

OH 

45433 

AFHAL/NLLN 

Grahaa 

H.  C. 

Nright-Patterson  AFB 

OH 

45433 

AFHAL/NLLN 

Kerans 

R. 

Hright-Patterson  AFB 

OH 

45433 

AFHAL/NS 

Tallan 

N.  N. 

Nright-Patterson  AFB 

OH 

45433 

AFNL/NTY 

eeftttttftta 

e«»e 

Kirtland  AFB 

NH 

8711 7 

AIR  FORCE  ROCKET  PROPULSION  LABORATORY 

Umael 

1. 

Eduards  AFB 

CA 

93523 

AIR  FORCE  ROCKE1  PROPULSION  LABORATORY 

Tape 

i. 

Eduards  AFB 

CA 

93523 

ARNY  NATERIALS  1  NECHANICS  RES.  CENTER 

Uhllr 

0. 

Natertoun 

HA 

02172 

ARNY  RESEARCH  OFFICE 

Neyer 

George 

Research  Triangle  Pk 

NC 

27709 

ATLANTIC  RESEARCH  CORPORATION 

Baetz 

J. 

Aleiandria 

VA 

22314 

ATLANTIC  RESEARCH  CORPORATION 

Frankie 

R.  S. 

Aleiandria 

VA 

22314 

AVCO  Corporation 

Laskaris 

T. 

Lowell 

HA 

01B31 

AVCO  Corporation 

Rolincik 

P. 

Hilaington 

HA 

01B87 

AO  Systeas  Divicion 

Taverna 

Art 

Hilaington 

HA 

01B87 

B.F.  GOODRICH  R&D  CENTER 

Stover 

E. 

Brecksville 

OH 

44191 

BATTELLE  COLUNBUS  LABORATORIES 

Jelinek 

Frank  J. 

Col uabus 

Ohio 

43201 

CALIFORNIA  RESEARCH  t  TECHNOLOGY,  INC. 

Kreyenhagen 

K.  N. 

Chatsuorth 

CA 

91311 

DEFENSE  NUCLEAR  AGENCY 

Kohler 

D. 

Hashington 

BC 

20305 

DEFENSE  TECHNICAL  INFORNATION  CENTER 

tMt 

Aleiandria 

VA 

22314 

DEPARTNENT  OF  THE  NAVY 

Crone 

J. 

Hashington 

DC 

20360 

EFFECTS  TECHNOLOGY,  INC. 

Adler 

H. 

Santa  Barbara 

CA 

93105 

EFFECTS  TECHNOLOGY,  INC. 

Grahaa 

N. 

Santa  Barbara 

CA 

93105 

EUON  ENTERPRISES,  INC. 

Riggs 

D. 

Fountain  Inn 

SC 

29644 

FIBER  NATERIALS,  INC. 

Lander 

L.  L. 

Biddeford 

HE 

04005 

FIBER  NATERIALS,  INC. 

NcAl lister 

L. 

Biddelord 

HE 

04005 

6A  Trchnoloqilt 

Engle 

Glen  B. 

San  Diego 

CA 

92138 

GENERAL  ELECTRIC  COMPANY 

Franke 

Robert 

Cincinnati 

OH 

45215 

GENERAL  ELECTRIC  CONPANY 

Hall 

Kenneth  J. 

Philadelphia 

PA 

19101 

GENERAL  ELECTRIC  SPACE  DIVISION  -RSO 

Gebhardt 

J. 

Philadelphia 

PA 

19101 

HAVE6 

Pegg 

R. 

Santa  Fe  Springs 

CA 

90670 

HERCULES  CORPORATION 

Christensen 

P. 

Nagna 

UT 

B4044 
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H)6ANIZATIQN 

LASTMflE 

FIRSTHAK 

CITY 

STATE 

ZIPCODE 

HITCO 

Dyun 

L. 

Gardena 

CA 

W249 

IIT  Rncirch  Institute 

Lartcn 

D.  C. 

Chicago 

lllisoif 

A0616 

JET  PROPULSION  LABORATORY 

KiMcl 

H. 

Pasadena 

CA 

91103 

JORTNER  RESEARCH  (  EN6INEERIN6,  INC. 

Jortner 

Julius 

Costa  Mesa 

CA 

92628 

KAISER 

Fischer 

H. 

San  Leandro 

CA 

94577 

tAHRENCE  LIVERnORE  LABORATORIES 

Naiaoni 

A. 

Liver  eore 

CA 

94550 

LOCKHEED  RISSILES  K  SPACE  COMPANY,  INC. 

Pinoli 

Pat  C. 

Palo  Alto 

CA 

94304 

LOCKHEED  MISSILES  AND  SPACE  COMPANY 

Osaka 

H. 

Sunnyvale 

CA 

94068 

MARTIN  MARIETTA  AEROSPACE 

Koo 

F.  H. 

Orlando 

FL 

32855 

MASSACHUSETTS  INSTITUTE  OF  IECHN0L06Y 

Uhl  tan 

D.  R. 

Caabridge 

HA 

02139 

MATERIALS  SCIENCES  CORPORATION 

Kibler 

J.  J. 

Springhousc 

PA 

19477 

MATERIALS  SCIENCES  CORPORATION 

Rosen 

B.  Nalter 

Springhoute 

PA 

19477 

MCDONNELL  DOU6LAS  ASTRONAUTICS  CO. 

Greszcauk 

L.  B. 

Huntington  Beach 

CA 

92647 

MCDONNELL  DOU6LAS  ASTRONAUTICS  CO. 

Penton 

A.  P. 

Huntington  leach 

CA 

92647 

MTDONNFiL  DOUGLAS  RESEARCH  LABORATORY 

Holaan 

H. 

St.  Louis 

M 

63166 

NASA  Lewii 

Grimes 

H. 

Cleveland 

OH 

44135 

NASA  Langley 

Houston 

R.  J. 

Langley 

VA 

23665 

NASA  Langley 

RuMler 

D. 

Langley 

VA 

23665 

NASA  Langley 

Saiiyer 

J.  H. 

Langley 

VA 

23665 

NASA  Marshall  Space  Flight  Center 

Pouers 

B. 

Huntsville 

AL 

35812 

NAVAL  RESEARCH  LABORATORY 

Hashington 

DC 

20375 

NAVAL  SEA  SYSTEMS  COMMAND 

Kinna 

H. 

Nashington 

DC 

20302 

NAVAL  NEAPONS  CENTER 

Jeter 

Eduard 

China  Lake 

CA 

93555 

NSNC/NOl 

Koubek 

F.  J. 

Silver  Spring 

HD 

20910 

NSHC/NOL 

Roue 

Charles  R. 

Sliver  Spring 

HD 

20910 

OFFICE  OF  NAVAL  RESEARCH 

Pasadena 

CA 

91106 

OFFICE  OF  NAVAL  RESEARCH 

Oiness 

A.  R. 

Arlington 

VA 

22217 

OFFICE  OF  NAVAL  RESEARCH 

Kushner 

A.  S. 

Arlington 

VA 

22217 

OFFICE  OF  NAVAL  RESEARCH 

Peebles 

L.  H. 

Arlington 

VA 

22217 

OSC/DDRLE 

Persh 

J. 

Nashington 

DC 

20301 

PDA  Engineering 

Crose 

J.  6. 

Santa  Ana 

CA 

92705 

PDA  Engineering 

Mack 

I.  E. 

Santa  Ana 

CA 

92705 

FDA  Engineering 

Stanton 

E.  L. 

Santa  Ana 

CA 

92705 

PICAriNNr  ARSENAL 

Ana: lone 

A. 

Dover 

NJ 

07801 

PRATT  1  iHlTNEt  AIRCRAFT 

Miller 

Robert  L. 

Nest  Pall  Beach 

a 

33402 

PRAT'  K  NHITNET  AIRCRAFT 

Schiid 

Tou 

Nest  Pall  Beach 

FL 

33402 

PURDUE  'JNIVERSITT 

Sun 

C.  T. 

Nest  Lafayette 

IN 

47907 

PURDUE  UNIVERSITY 

Taylor 

R.  E. 

Nest  Lafayette 

Indiana 

47906 

RENSSELAER  FDLTTECHHIC  INSTITUTE 

DieFendorf 

R.  J. 

Troy 

NY 

12181 

ROCKETDYNE  DIVISION,  ROCKNELL  INTERNTL 

Haukinson 

E.  L. 

Canoga  Park 

CA 

91304 

SAMSO'MNNR 

Bai ley 

D. 

Norton  AfB 

CA 

92409 

SAMSC  MhMR 

Brocato 

T. 

Norton  AFB 

CA 

92409 

SANDIA  LABORATORIES 

Northrup 

D. 

Albuquerque 

NM 

87185 

SCIENCE  APPLICATIONS.  INC. 

Eitian 

0. 

Irvine 

CA 

92715 

SCIENCE  APPLICATIONS,  INC. 

Looeis 

Nitlard 

Irvine 

CA 

92715 

SOUTHERN  RESEARCH  INSTITUTE 

Koenig 

John 

Bininghai 

AL 

35205 

SOUTHERN  RESEARCH  INSTITUTE 

Pears 

C. 

Biriinghae 

AL 

35205 

SOUTHERN  RESEARCH  INSTITUTE 

Starrett 

H.  Stuart 

Bireinghaa 

AL 

35205 

SOUHNEST  RFSEARCH  INSTITUTE 

LankFord 

J. 

San  Antonio 

TI 

78284 

SIASRPOLE  FIBE.^S  COMRANT,  INC, 

Fleeing 

6. 

Louell 

HA 

01852 

STRATEGIC  SYSTEMS  PROJECT  OFFICE  (PM-H 

Kincaid 

J. 

Hashington 

DC 

20376 

Jc 


MSMIIZATim 

LASTNAHE 

FIRSTNANE 

CITY 

STATE 

2IPCODE 

STRATESIC  SYSTEMS  PROJECT  OFFICE  (PII-1) 

HciRQir 

S. 

Nesbiigton 

K 

20376 

SUPERTENP  CENTER 

Lttds 

•on 

S«nta  Ft  Springs 

CA 

00670 

SYSTEHS,  SCIENCE  AND  SOFTHARE 

Gvrtun 

6. 

Li  Jolla 

CA 

02037 

THIOKOL 

Iroun 

6. 

Brighaa  City 

UT 

B4302 

TRN  SyttMi 

Kotltnsky 

No. 

San  Bernartfino 

CA 

02402 

U.S.  ENER6Y  RESEARCH  DIV.  AOflINISTRATION  Littun 

A. 

Nashington 

K 

20331 

UNION  CARDJDE  CORPORATION 

BoMtn 

J. 

Cleveland 

ON 

44101 

UNION  CARBIDE  CORPORATION 

Tiylor 

A. 

Oak  Ridge 

TN 

37B30 

UNITED  TECHNOLOGIES  RESEARCH  CENTER 

Gtllato 

F. 

Hartford 

CT 

06100 

UNITED  TECHN0L06IES-CSD 

Ellic 

Russ 

Sunnyvale 

CA 

04088 

UNIVERSITY  OF  CALIFORNIA 

Batdorl 

S.  B. 

Los  Angeles 

CA 

00024 

UNIVERSITY  OF  CALIFORNIA 

Sines 

George 

Los  Angeles 

CA 

00024 

UNIVERSITY  OF  NASHlNbTON 

Fischkich 

1. 

Seattle 

NA 

OfllOS 

UNIVERSITY  OF  VYOHING 

Adaas 

B.  F. 

Laranie 

NY 

B2071 

VIRGINIA  POLYTECHNIC  INSTITUTE 

Hissclian 

D.  P.  H. 

Blacksburg 

VA 

24061 

VIRGINIA  POLYTECHNIC  INSTITUTE 

Jones 

Robert  N. 

Blacksburg 

VA 

24061 

VOU6HT  CORPORATION 

Volk 

N. 

Dallas 

TI 

75211 

NILLIAHS  INTERNATIONAL 

Cruzen 

Scott 

Nailed  Lake 

HI 

48088 

73 
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